Purpose: To evaluate the association between retinal and choroidal thickness and volume along with choroidal vessel volume in children using optical coherence tomography (OCT) images. Methods: 113 normal eyes of children ranging from 5-17 years of age were imaged with a clinical OCT scanner (Optovue Inc., Fremont, USA). The retina, choroid and choroidal vessels were automatically segmented with algorithms. Parameters evaluated were thickness and volume. Location specific analyses of thickness were also performed at a distance of 2.5 mm from foveal center. Multivariate analyses of variance were used to analyze the effect of age and myopia. Manual segmentation of the fovea and subfoveal choroid thickness was also performed to compare with the algorithm segmentation. Results: There was excellent agreement between manual and automatic segmentation (intra-class correlation of 0.95). Within the same eye, total retinal and choroid thickness of nasal and temporal location were significantly lower than the superior and inferior thickness (P < 0.0001). With age (P = 0.026) and myopia (P < 0.001), foveal thickness increased. Choroid volume, vessel volume and temporal choroid thickness increased with increasing myopia (P < 0.05). There was significant positive correlation between choroid volume and retinal volume (r = 0.62, P < 0.0001), choroid volume and vessel volume (r = 0.48, P < 0.0001), and with foveal thickness (r = 0.31, P = 0.009). Choroid vessel volume also showed significant positive correlations with the other metrics (P < 0.05). Conclusion: Retinal and choroidal structural features were quantified simultaneously from OCT images. Magnitude of myopia had a greater effect on retino-choroid features than age in children.
Myopia is a very common ocular disorder and a potentially blinding oculopathy making it a major concern. [1] Although myopia can begin in adulthood, [2] it is most commonly known to develop and progress in childhood. [3] Previous studies have attributed changes in structure and function of retina to increase in axial length (AL) and associated stretching of retina caused by myopia. [4, 5] This has been shown by a study using optical coherence tomography (OCT) which demonstrated a correlation between macular thickness and refractive error or AL. [5] Furthermore, studies on animal models and humans have shown that structure/function changes in choroid were associated with the development of refractive errors. [6] Therefore, examining retina and choroid in myopia pediatric population may provide insights into the potential role of age and refractive error in structural changes in retina and choroid. [5] [6] [7] Spectral domain-OCT (SD-OCT) has proved to be very useful in the accurate detection of normal and pathologic structures, which is important for the diagnosis of ocular diseases. [8] Several techniques have been developed for automated robust segmentation of retinal layers, choroid, and choroid vessels. [9] [10] [11] [12] [13] However, studies with simultaneous assessment of retina, choroid, and choroid vessels from OCT images are still lacking. The purpose of this novel study was to examine simultaneous changes in the retina, choroid as well as choroid vessels with age and myopia in pediatric eyes and to assess their physiological implications. The study aimed at segmentation of retina choroid and choroid vessels using previously established algorithms. [11, 14, 15] Further, the study quantified thickness and volume of retina, choroid, and choroid vessels, adjusted for AL, in normal pediatric eyes and assessed their correlations with age and degree of myopia.
Methods

Study population
This prospective, cross-sectional study was approved by the Institutional Ethics Committee of Narayana Nethralaya Super-Specialty Hospital, Bangalore, India and adhered to the tenets of Declaration of Helsinki. One hundred and thirteen normal eyes of 68 pediatric participants of Asian-Indian origin were included in this study. As the computed parameters between both eyes of the same participant were poorly correlated, both eyes were included in the study. The subjects were between 5 and 17 years of age (under 18 years of age).
Images were acquired with the RTVue Premier (Optovue, Inc., CA, USA). The default AL in the device was 23.82 mm. The refractive power of the participants was determined after cycloplegia using Retinoscope (Welch Allyn, NY, USA). All participants underwent a comprehensive ophthalmic examination including assessment of corrected distance visual acuity (CDVA), slit-lamp biomicroscopy, direct funduscopy, and intraocular pressure (IOP) measurement. AL was measured using IOL master (Carl Zeiss Meditec, Jena, Germany). Inclusion criteria were normal corneas on slit-lamp examination, no prior ocular or corneal surgery, absence of autoimmune disorders, normal IOP (<18 mmHg), and absence of ocular or corneal inflammation.
Image analyses
All the OCT scans were acquired in chorioretinal mode of RTVue Premier. This mode focuses the instrument closer to posterior eye than the standard imaging mode to enhance the visibility of choroid in the OCT scans. [16] For retina, choroid and choroid vessel segmentation and volume computation, 17 parallel raster scans in a 6 mm × 4 mm area, centered on the macula and with a spacing of 0.25 mm between the individual scans, were used. The image pixel resolution was approximately 4.9 µm/pixel.
In this study, the inner retina layer (IRL) (extending from nerve fiber layer [NFL] to outer boundary of inner nuclear layer [INL]) and outer retinal layer (ORL) (extending from inner boundary of outer plexiform layer [OPL] to retinal pigment epithelium [RPE]) were segmented using a previously described gradient-based segmentation algorithm. [14] The RPE is the most hyperreflective layer in the SD-OCT image and was detected by searching for the brightest pixel in each column of the image. The vitreous-NFL and INL-OPL boundaries are prominent due to high contrast in the intensity of the pixels in these layers. Thus, using a gradient image created by a gradient operator [−1;1], the IRL and ORL were segmented. To segment the choroid, the Bruch's membrane was detected by searching for pixels with the largest gradient below the RPE as described in a previous method. [11] Using a previously validated choroidal segmentation protocol, the choroid-sclera interface was also detected. [15] The contour of the choroid-sclera interface is a polynomial fit of an estimated boundary that is concave. The algorithms used are described in brief here as the referred papers [11, 14, 15] have already provided a detailed explanation of these algorithms. The retina and choroid thickness parameters were measured at fovea, 3 mm from foveal pit.
The cross-section of choroid vessels appeared as vacant, irregular spaces in the choroid. Making use of this feature, the choroid vessels were segmented using intensity-based threshold and local binary pattern. [17] The cross-sectional area of the retina, choroid, and choroid vessels was linearly interpolated between the 17 raster scans acquired, and the volume was computed using Trapezoidal rule of integration. [18] All the above methods were implemented using MATLAB version 7.10 (MathWorks, Inc., MA, USA). All the measurements were corrected for ocular magnification using the Littman formula, which included magnification factor of the OCT scanner and the eye. [19, 20] Thus, the retinal and choroid thickness was adjusted by applying the magnification factor computed from the Littman formula. [19, 20] Similarly, the area and volume parameters were adjusted by multiplying with the squared and cubed value of the magnification factor, respectively. Further, the foveal thickness and the thickness of the choroid at the fovea were manually segmented to compare with the magnitudes reported by the algorithms.
Statistical analyses
All continuous variables were reported as a mean ± standard error of the mean (SEM) after confirming normality of distribution with Kolmogorov-Smirnov test. The variables analyzed were age (years), spherical equivalent (SE in diopter), choroid vessel volume (mm 3 ), choroid volume (mm 3 ), choroid thickness (µm), foveal thickness (µm), inner retinal thickness (µm), outer retinal thickness (µm), total retinal thickness (µm), and retinal volume (mm 3 ). The thickness measurements were taken at the foveal region and at a distance of 2.5 mm from the fovea in the temporal, superior, nasal, and inferior regions of the choroid and retina. The volumes were calculated in the 6 mm × 4 mm scan area.
The participants were divided into three age groups: Group 1 = 5-11 years, Group 2 = 12-14 years, and Group 3 = 15-17 years and three refractive groups on the basis of their cycloplegic refraction: Group A = emmetropes, Group B = low myopia (−2.5D < SE <−0.5), and Group C = moderate myopia (−6D < SE <−2.5D). Two-way analysis of variance (ANOVA) was performed with the analyzed variables as the dependent variable and age group and refractive group as the two factors. For the same eye, repeated measures ANOVA was performed to compare the choroid thickness, inner retinal thickness, outer retinal thickness, and total retinal thickness among the temporal, superior, nasal, and inferior regions. Linear regression was performed among the analyzed variables as well. P < 0.05 was considered statistically significant. All statistical analyses were performed in MedCalc version 16.2.1 (MedCalc, Inc., Ostend, Belgium). Only the estimated means of variables from the ANOVA analyses were used for statistical inferences and are reported in this study.
Results
One hundred and thirteen eyes of 68 pediatric participants, 111 eyes had a corrected distance visual acuity (CDVA) of 6/6 and the remaining two eyes had a CDVA of 6/9. The number of eyes in each group was comparable with 44 in age Group 1, 36 in age group 2, and 33 in age group 3. Similarly, for each refractive group, there were 46 in Group A, 40 in Group B, and 27 in Group C. Fig. 1 (top) shows a sample image of the retina and choroid, which was segmented into inner retina, outer retina, choroid, and choroid blood vessels [Fig. 1 , bottom]. The mean intraclass coefficient was 0.95 between the algorithm and manually segmented measurements of the fovea and choroid. The mean foveal thickness, subfoveal choroid thickness, retinal volume, choroid volume, and choroid vessel volume was 207 ± 1.81 µm, 316 ± 3.53 µm, 3.69 ± 0.07, 4.15 ± 0.03 mm 3 , and 1.85 ± 0.04 mm 3 among all participants, respectively. In the same eye, the mean inner retinal thickness in the temporal, superior, nasal, and inferior regions was 135 ± 2.91 µm, 137 ± 3.23 µm, 137 ± 2.9 µm, and 144 ± 3.87 µm, respectively (P > 0.05).
Similarly, the mean outer retinal thickness in the temporal, superior, nasal, and inferior regions was 120 ± 3.3 µm, 132 ± 3.36 µm, 127 ± 3.23 µm, and 140 ± 3.9 µm, respectively (P > 0.05). However [Fig. 2, top] , the mean total retinal thickness was lower in the temporal (254 ± 4.03 µm) and nasal (264 ± 4.04 µm) region as compared to the superior (268 ± 2.26 µm) and inferior (287 ± 4.37 µm) region (P < 0.0001) in the same eye. Similarly [Fig. 2, bottom] , the mean choroid thickness was lower in the temporal (307 ± 4.56 µm) and nasal (286 ± 3.51 µm) region as compared to the superior (319 ± 4.68 µm) and inferior (320 ± 4.74 µm) region (P < 0.0001) in the same eye. Table 1 gives the mean SEM of the variables among the three age groups. Other than foveal thickness, none of the other variables were significantly different among the age groups. Specifically, though there was a difference in the foveal thickness between age groups 1 (209.82 ± 1.69 µm) and 3 (202.95 ± 1.89 µm) (P = 0.026), this was not clinically significant. Table 2 gives the mean SEM of the variables among the three refractive groups. The foveal thickness was different between Groups A and C (P < 0.001) and between Groups B and C (P < 0.001). The choroid volume [ Table 2 ] was significantly different between Group A (3.95 ± 0.046 mm 3 ) and C (4.45 ± 0.06 mm 3 ) (P < 0.001) and between Group B (4.03 ± 0.051 mm 3 ) and C (P < 0.001). The choroid vessel volume was significantly different between Group A (1.65 ± 0.036 mm 3 ) and C (2.23 ± 0.047 mm 3 ) (P < 0.001) and between Group B (1.66 ± 0.04 mm 3 ) and C (P < 0.001). Similarly, the temporal choroid thickness was different between Groups A (303.65 ± 4.07 µm) and C (318.99 ± 5.04 µm) and between Groups B (298.6 ± 4.55 µm) and C (P = 0.011).
However, there was no spatial (temporal, nasal, inferior, and superior) effect of age and myopia on all (total, inner, and outer) retinal thicknesses (P > 0.05). Choroid volume correlated positively with retinal volume (r = 0.62, P < 0.0001), choroid vessel volume (r = 0.48, P < 0.0001), subfoveal choroid thickness (r = 0.48, P < 0.0001), and foveal thickness (r = 0.31, P = 0.009). Choroid vessel volume also showed a positive correlation with retinal volume (r = 0.22, P = 0.018), foveal thickness (r = 0.43, P < 0.0001), and subfoveal choroid thickness (r = 0.22, P = 0.022). 
Discussion
This study quantified retina and choroid thickness and volume in pediatric population of normal eyes to evaluate the effect of age and myopia on the same. The study also quantified choroid vessel volume and showed correlation with retina and choroid parameters. The results of the study demonstrated a significant relation of choroid and retina parameters with respect to age and myopia.
In this study, the mean foveal thickness was 206 µm, which was comparable to a foveal thickness of 220 µm reported in a previous study on Asian-Indian eyes. [21] Another study on myopic children reported that, with increasing degree of myopia, there was a tendency toward increase of retinal thickness in the foveal region. [22, 23] These published results were consistent with the current study, which indicated an effect of myopia on foveal thickness and showed that foveal thickness increased with magnitude of myopia. As reported previously, this could be due to an increase in AL of the enlarged eyeball resulting in the mechanical stretching of the sclera which in turn causes retinal stretching at the fovea. [24] Further, a study on macular thickness measurements in a 3 mm ring around the fovea showed that the inferior and superior regions were significantly thicker than the nasal and temporal regions. [25] The study mentioned that the higher thickness of the superior and inferior regions could be because of arcuate nerve fiber bundles. [25] These results were consistent with the findings of the current study which showed the inner and outer retinal thickness to be higher in superior and inferior regions as compared to temporal and nasal. Furthermore, a recent study on Asian-Indian normal eyes demonstrated similar trends in the retinal vessel density among these zones using OCT angiography. [26] It may be speculated that there could be a physiological relationship between retinal tissue and vessel volume, which resulted in lower vessel density in the thinner retinal tissue regions. However, these trends need to be evaluated further.
In this study, retinal volume was also computed, and the mean retinal volume was 3.68 mm 3 in the 6 mm × 4 mm macular area. Another study on macular measurements in myopic children reported a total retinal volume of 6.85 mm 3 in 6 mm diameter central retinal region. [27] Similarly, a study on retinal thickness and volumes reported that the retinal volume in 6 mm diameter region surrounding the macula was 6.22 mm 3 and that the retina in highly myopic individuals had smaller macular volume than emmetropic individuals. [24] However, the retinal volumes in low and moderate myopia were similar to emmetropic children in this study.
In this study, mean subfoveal choroid thickness was 314 µm among all the eyes. Previous studies examining in vivo subfoveal choroidal thickness in children reported a mean value of 330 µm in 194 children of age between 4 and 12 years, [28] 337 µm in 23 Japanese children aged below 20 years of age, [29] 343 µm in 30 Korean children of age between 4 and 10 years, [30] and 313 µm in 43 children of age between 3 and 18 years, [31] which are in close agreement with the results of this study. In a study on choroidal thickness in healthy children, the nasal thickness was reported to be significantly lower than the temporal, superior, and inferior choroid thickness measured at a distance of 3 mm from the fovea. [30] Choroidal thickness measurements in healthy Japanese participants using the swept source with a longer wavelength that has the advantage of shorter imaging time and better choroidal segmentation showed that the choroid thickness in nasal and temporal regions was significantly lower than superior, inferior, and subfoveal choroid thickness. [31] However, these published results were consistent with the results obtained from the Asian-Indian pediatric normal eyes in this study [ Fig. 2] . A previous study reported a choroid volume of 2.32 mm 3 in a 3.45 mm macular zone [32] as compared to a 6 mm macular zone used in this study. Increasing the macular zone from 3.45 mm to 6 mm gives a proportional volume increase from 2.32 to 3.71 mm 3 , which was again comparable to the volume (3.68 mm 3 ) calculated in this study.
In a study on healthy adult eyes, the choroid volume computed in the Early Treatment Diabetic Retinopathy Study (ETDRS) layout was 7.72 mm 3 in 6 mm diameter macular zone. [33] Furthermore, in healthy Korean children, the mean choroid volume computed in the ETDRS layout was found to be 6.56 mm 3 . [34] A study on choroid volume variations during childhood reported that choroid volume increased with age during childhood. [35] In this study, the choroid volume was found to increase with both age and myopia. The mean choroid vessel volume was 1.81 mm 3 in all the participants. The mean choroid vessel volume was calculated as 1.12 mm 3 in a previous study. [36] The volume was calculated in 6 mm × 6 mm macula-centered region [36] compared to 6 mm × 4 mm region used in this study.
The study has a few limitations. In this study, uniformly spaced two-dimensional scans were used to approximate the volumes, unlike true (voxel) volumetric imaging. However, most commercial OCT scanners do not perform voxel imaging. Despite this limitation, volumes calculated from the uniformly spaced images used in this study were comparable to retinal and choroid volumes derived from other complex imaging protocols. [24, [32] [33] [34] [35] [36] Further, the study used previously well-established and validated algorithms. [11, 14, 15] Thus, the automated measurements were validated with manual measurements only at the fovea and not the entire image. The segmentation protocol for choroid vessels was validated by comparing the computed volume with a previous study. [36] However, manual validation was not performed. Furthermore, the three age groups had unequal age range so as to have a similar sample size in each group. The current study compared retinal and choroid measurements with the results of other similar studies performed only in the past 5 years. However, the references have been cited based on the availability of published data. In some cases, the compared data were not of the same age range, refractive power, or ethnicity as the current study. In this study, choroid thickness was almost similar or slightly higher in moderate myopia as compared to emmetropes and low myopia [ Table 2 ]. A previous study has reported thinning of choroid in highly myopic eyes. [6] However, similar changes in retina and choroid in highly myopic pediatric eyes were not assessed in the current study due to insufficient sample size. Furthermore, a scan length >6 mm might have provided more insight into the peripheral changes in the retina and choroid with age and myopia. Correlation analysis performed between the choroid and retinal features indicated that the choroid vessel volume increased with increase in choroid volume. Further, choroid volume increased with increase in retinal volume in pediatric eyes. These trends have not been reported previously, and further investigation is required to understand the physiological implications.
Conclusion
Simultaneous assessment of retina and choroid thickness and volume in clinically acquired OCT images of pediatric eyes was presented in this study. Overall, myopia had a greater effect on the retinochoroid features than age in pediatric participants. This population demographic of Indian myopic children can serve as a reference for future studies.
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